neural-defective phenotypes including abnormal localization of the presynaptic protein UNC-13 and defects in defecation, a GABAergic-neuron-controlled behavior.
(D) aex-1 mutants carrying rescuing transgenes show hypersensitivity to 1 mM aldicarb. aex-1;Punc-54::AEX-1(ϩ) indicates aex-1(sa9) animals carrying the transgene (unc-54 promoter::aex-1 genomic coding region; the unc-54 promoter provides body-wall muscle-specific expression). Three independent aex-1; AEX-1(ϩ) transgenic lines, which all showed strong defecation rescue and hyperactive locomotion, and three independent aex-1; Punc-54(ϩ)::AEX-1(ϩ) transgenic lines, which showed hyperactive locomotion, were used for this assay.
First, posterior body-wall muscles contract (pBoc) and tive synaptic transmission, we employed pharmacological assays using the acetylcholinesterase inhibitor aldithen relax, causing gut contents to accumulate near the anus. Three to four seconds later, anterior body-wall carb. Resistance to aldicarb is well correlated with defects in synaptic transmission (Miller et al., 1996) , and muscles contract (aBoc) to pressurize the gut contents. Finally, specialized enteric muscles contract to expel all mutants of aex-3, cab-1 and snt-1 are resistant to aldicarb (Nonet et al., 1993 ; Iwasaki et al., 1997; Iwasaki the gut contents from the anus (Exp). In all six aex-1 mutants analyzed, pBoc appeared normal, but less than and Toyonaga, 2000). aex-1 mutants were mildly, but significantly, resistant to aldicarb, suggesting reduced 5% of DMP cycles had a visible aBoc or Exp (hence the gene name aex) ( Figure 1A ). We also observed that aex-1 acetylcholine transmission at neuromuscular junctions in these animals ( Figure 1B ). To determine whether this mutants showed reduced male mating and a mild egglaying defect (data not shown). In addition to these deaex-1 defect is presynaptic or postsynaptic, we measured the sensitivity of aex-1 mutants to levamisole, an fects, some aex-1 mutants intermittently displayed exaggerated sinusoidal bends of the body during locoacetylcholine receptor agonist in nematodes (Fleming et al., 1997). If aex-1 mutations cause postsynaptic demotion, a phenotype that was most pronounced in aex-1 (tg47, tg48, and tg49). This phenotype may be reflected fects in synaptic transmission, then aex-1 mutants would be expected to be resistant to levamisole as well to reduced body thrashing rates in liquid (Miller et al., 1996) . These phenotypes are similar to those identified as aldicarb. However, aex-1 mutants were as sensitive as wild-type animals to levamisole ( Figure 1C) . A lev-1 previously in other presynaptic gene mutants, such as aex-3 (Rab3 GDP/GTP exchange factor), cab-1 (AEX-3 mutant was included as a control for postsynaptic defects: lev-1 encodes a non-␣ subunit of the nicotinic binding protein), and snt-1 (synaptotagmin), and are consistent with the notion that aex- presynaptic activities. Introduction of the genomic aex-1 known, but because of their similarity to Munc13, they are proposed to regulate vesicle exocytosis (Koch et sequence into aex-1 mutants conferred hypersensitivity to aldicarb, the opposite phenotype to lack of the endogal., 2000). Therefore, we speculate that AEX-1 may also regulate exocytosis. enous aex-1 activity ( Figure 1D ).
Sequencing analysis of mutant alleles revealed nonsense mutations at various positions in the aex-1 coding AEX-1 Encodes a Novel C2 Domain Protein frame ( Figure 2B ). RNAs from these nonsense alleles We cloned aex-1 by a germline transformation assay were detected at comparable levels to that in wild-type ( Figures 1A and 2A) (Mello et al., 1991) and by sequencusing a quantitative RT-PCR assay (data not shown), ing mutant alleles (Figure 2) . The predicted AEX-1 prosuggesting that these truncated proteins are likely to be tein is 1009 amino acids long with a C2 domain near its expressed. However, all mutant alleles were likely to be C terminus (Figure 2 ). C2 is a proposed calcium binding null or strong loss-of-function. The sa9 allele has a stop domain (Rizo and Sudhof, 1998) , implying that an AEX-1 at the 197 th codon, and a trans-heterozygote of sa9 over activity is regulated by intracellular calcium. AEX-1 is the deficiency tgDf1 showed a phenotype indistinguishweakly homologous to the rat protein Munc13-4, which able from sa9 and other aex-1 homozygotes. Another contains two C2 domains (Figure 2 ) and which was isostrong allele, sa27, has a nonsense mutation at the 845 To examine whether the expression pattern of AEX-1 reflects its sites of function, we constructed tissue-specific AEX-1 expression plasmids using the full-length aex-1 cDNA and introduced these into aex-1 mutants. The myo-3 promoter was used for muscle-specific expression (Okkema et al., 1993) , the unc-119 promoter for neuron-specific expression (Maduro and Pilgrim, 1995) , and the C05C12.3 promoter for intestine-specific expression (T.T. and K.I., unpublished data). Intestine-specific expression of AEX-1 rescued the defecation defects but not the aldicarb-resistance phenotype of aex-1 animals ( Figure 4A ), suggesting that the intestine secretes defecation-regulating signals to either neurons or muscles (Dal Santo et al., 1999). Muscle-specific expression of AEX-1 rescued the aldicarb-resistance phenotype of aex-1 animals but did not rescue the defecation defects ( Figure 4B ). This rescue was weaker than that for defecation by intestine-specific expression. We constructed a second muscle-specific plasmid with the unc-54 muscle myosin promoter (Okkema et al., 1993) and with the aex-1 genomic sequence (Punc-54::AEX-1). Introduction of this construct into aex-1 mutants restored the aldicarb sensitivity, and three transgenic lines tested showed an aldicarb-hypersensitive phenotype ( Figure 1D ), confirming AEX-1 function in body-wall muscles. Neuron-specific expression of AEX-1 rescued neither defecation defects nor aldicarb-resistance in more diffusely distributed (0.5 puncta/10 m). This phenotype was rescued by introduction of both aex-1 genomic and Pmyo-3::AEX-1(ϩ) (muscle-specific expression), but not by Paex-3::AEX-1(ϩ) (neural and intestinal expression) ( Figure 6E ). These observations further indicate that muscle-expressed AEX-1 stimulates an UNC-13 activity in neurons. Two different transformation markers, lin-15(ϩ) and rol-6(gf), were used, and UNC-13::GFP localization was not affected by using the different markers (data not shown). Neural EGL-30(R243Q gain-of-function) also suppressed the low density of UNC-13 accumulation in the aex-1(sa9) mutant ( Figure  6E ), confirming that egl-30 is epistatic to aex-1.
Body thrashing has previously been used to monitor the motor neuron activities of the ventral nerve cord (Miller et al., 1996) . To test whether the defect in UNC-13 localization affects body-wall muscle regulation, we therefore examined the body-thrashing rates of various strains. The body-thrashing rate of the aex-1(sa9) mutant was slightly, but significantly, reduced compared to wild-type ( Figure 6F ). This reduced rate was rescued by introduction of Pmyo-3::AEX-1(ϩ) in the aex-1 mutant, but not by introduction of Paex-3::AEX-1(ϩ) ( Figure  6F ). This further suggests that AEX-1 functions in muscles, but not in neurons, to regulate motor neuron activities.
Other Synaptic Proteins Are Normally Localized in aex-1 Mutants
To investigate whether or not the abnormal UNC-13 localization in aex-1 animals is due to general synaptic defects, we examined other presynaptic and postsynap- UNC-29 suggests that neither pre-nor postsynapse formation has gross defects in aex-1 mutants and, hence, that the abnormal UNC-13 localization in these animals stream of muscle-expressed aex-1 and are consistent is a specific defect. with the hypothesis that an aex-1-dependent signal from muscles feeds into the dgk-1/egl-30 pathway in motor
The Prohormone Convertase AEX-5 Is neurons (#2 in Figure 5A ). dependent exocytotic pathway in neuroendocrine cells with the notion that AEX-5 and AEX-1 both function in the same pathway and support the idea that AEX-1 (Nakayama, 1997). Upon synthesis of a precursor form of secreted proteins or prohormones, prohormone conregulates exocytosis in muscles. vertases are incorporated into exocytotic compartments along with the precursor, where active mature forms are Discussion generated by peptide cleavage. It is speculated that aex-5 is expressed in muscle cells because it is part of We report here the identification of AEX-1, a novel protein that regulates retrograde signaling at neuromuscuthe UNC-54 muscle-myosin polycistronic gene complex (Thacker and Rose, 2000). Therefore, if aex-5 mutants lar junctions in C. elegans. In aex-1 mutants, the presynaptic protein UNC-13 was diffusely localized through show the same abnormal localization of UNC-13 as observed in aex-1 mutants, this would support the idea synapse-rich axons of the ventral nerve cord. This phenotype was rescued by muscle-specific, but not by that AEX-1 functions in an exocytotic pathway.
Required for UNC-13 Localization at Presynaptic Terminals
The aex-5(sa23) mutant showed a diffuse UNC-13:: neuron-specific, expression of aex-1. Conversely, the defecation-behavioral defects of aex-1 mutants were GFP distribution: UNC-13::GFP density was 0.6 puncta/ 10 m compared to 1.7 puncta/10 m in the wild-type rescued by intestine-specific aex-1 expression, but not by either neuron-specific or muscle-specific expression. , 1997) . The numbers in parentheses indicate nucleotides relative to the first ATG codon. All promoter fragments fact, aex-1. A 6.5 kb genomic fragment that covered D2030.10 was cloned into pPD95.77. The resulting construct (named pAX4), which were fused to the aex-1 Eco47III site in frame with their ATG initiation codon. pTG100.1 (Paex-3::egl-30 cDNA [R243Q]) was also generhad an aex-1-rescuing activity, contained a 450 bp putative promoter fragment from the first Met codon, as well as 18 exons spanated using PCR-based site directed mutagenesis. The sequences of PCR and sequencing primers will be provided upon request. ning in a 5680 bp fragment. Sequencing confirmed that the 1009 th codon of aex-1 was fused in frame with gfp. pAX3 contains the Plasmids for tissue-specific aex-5 expression were constructed as follows. A full-length aex-5 cDNA (amino acids 1-537) was amplisame 5Ј end as pAX4, but the 552th codon is fused to a gfp coding frame. aex-1 mRNA primary structure was determined by sequencfied by RT-PCR using a pair of restriction site-tagged primers. This fragment was cloned into the BamHI and KpnI sites of pPD95.77, ing RACE products and the yk270.5 cDNA clone (a gift from Y. Kohara). The sequences of PCR and sequencing primers will be resulting in pPD95.77::aex-5. The myo-3 promoter was used for muscle-specific expression, and the myo-3 fragment of pPD96.52 provided upon request.
was cloned into the HindIII and BamHI sites of pPD95.77::aex-5, resulting in pMD102. For neuron-and intestine-specific expression, Behavioral Assays the aex-3 promoter fragment (Ϫ1855 to Ϫ1) was cloned into the Defecation assays were performed as previously described (Thomas, HindIII and BamHI sites of pPD95.77::aex-5, resulting in pMD104. 1990; Liu and Thomas, 1994) . Aldicarb and levamisole tests were These constructs contained an in-frame GFP coding sequence at performed as previously described (Iwasaki et al., 1997). All drug the 3Ј end of the aex-5 fragment and were used to confirm their tests were scored blind and repeated at least three times.
tissue-specific expression. To observe UNC-13::GFP localization, To assess aldicarb sensitivity of an aex-1 aex-5 double mutant, the EcoRI fragment of the above constructs (containing the 3Ј aex-5 the number of paralyzed animals after an 80 min exposure to 1 mM and GFP sequences) was replaced with the aex-5 EcoRI genomic aldicarb was counted. The percentages of paralyzed animals in fragment (ϩ5919 to ϩ7260, which contains the poly[A] site of aex-5). tested strains were as follows: wild-type, 71.1% (Ϯ 2.8 SEM);
These GFP-less constructs were named pMD103 and pMD105, reaex-1(sa9), 39.3% (Ϯ 7.2 SEM); aex-5(sa23), 45.0% (Ϯ 6.7 SEM); spectively. and aex-1(sa9) aex-5(sa23), 45.0% (Ϯ 4.4 SEM). Four independent plates (25 animals/plate) were used for counting for each strain.
